It is not unusual to observe tiny, dot-like, high-signal-intensity (HSI) lesions on DWI after conventional cerebral angiography \[[@B1]\]. These lesions have been suspected to be \'microembolic infarcts\' probably related to tiny thrombi, fragmented atherosclerotic plaque or air bubbles liberalized or introduced during catheter insertion and/or injection of contrast media or flushing saline. The incidence of microembolic infarcts has been reported to be even much greater after endovascular aneurysm treatment \[[@B2][@B3][@B4][@B5][@B6][@B7][@B8][@B9][@B10][@B11][@B12]\].

We were not free from those microembolic phenomena, although most of those lesions were asymptomatic or transiently symptomatic. We tried to reduce the occurrence by minimizing possible thromboembolisms. At first, our attention was drawn to the antithrombotic regimen \[[@B13][@B14]\]. Therefore, we began to give dual antiplatelets (aspirin and clopidogrel) more than five days before the procedure, regardless of stent use. Even the triple regimen which included cilostazol was given to patients who showed poor biochemical clopidogrel response, although it was not successful \[[@B15]\].

While searching for possible causes of the microembolisms, we found that a significant amount of air bubbles might have been introduced by various devices, including the various detachable embolization coils which were currently available in the market \[[@B16]\].

Considering this fact, we hypothesized that we could decrease the occurrence of microembolic lesions by reducing air-bubble introduction through a modification of our embolization procedure. Since we observed that most of the air bubbles were seen right after removal of the coil pusher in our previous report \[[@B16]\], we thought that air embolism from the coiling procedure could be minimized if we stopped flushing the microcatheter while regurging back the inner content of the microcatheter after detachment of the coils. Theoretically, since discontinuation of the pressurized saline flushing during embolization could result in clogging of the microcatheter, we decided to limit the discontinuation duration to be as short as possible.

The purpose of this study was to see whether we could reduce the incidence of micro-embolisms after embolization of unruptured cerebral aneurysms by procedural modification. We compared the incidence of the DWI HSI dots before and after application of our modified technique.

MATERIALS AND METHODS
=====================

Study design and patients
-------------------------

This retrospective study was approved by the institutional review board of our hospital. Individual patient\'s consent for the analysis of the data was waived. Since the primary follow-up imaging modality in monitoring aneurysm recurrence after coiling is time-of-flight (TOF) MR angiography (MRA) at our institution, we routinely obtain TOF MRA the following day after embolization of both ruptured and unruptured aneurysms. After observation of not infrequent occurrence of either symptomatic or asymptomatic microembolic lesions despite of our various efforts to reduce their occurrence, we started to include DWI sequence in our baseline MRA protocol as part of our daily practice from January 2011.

Since \'microcatheter lumen aspiration\' was our latest activity to reduce the microembolic lesions, and the technical modification started to be applied in our practice from April 2011, we designated the patients who were treated in the prior 3 months as the control group (conventional group) and those treated in the post 3 months as the case group (modification group).

During the 6 months of the study period, we had a total of 72 consecutive patients who underwent endovascular treatment of unruptured cerebral aneurysms. Among them, we could not obtain an MR image in one patient who had a cardiac pacemaker. This patient was not symptomatic after the procedure and was excluded from the analysis.

No other procedural condition differed between the two groups except for the modification of microcatheter manipulation (microcatheter lumen aspiration) in the modification group. There were 37 patients in the conventional group and 34 in the modification group.

Embolization procedure during the conventional period
-----------------------------------------------------

All patients were on a dual antiplatelets regimen (Aspirin 75 mg qd, clopidogrel 75 mg qd) for at least five days, preferably for 10 days, before the procedure and without a loading dose. P2Y12 inhibition assay (VerifyNow P2Y12 Assay; Accumetrics, CA, USA) was performed on admission. When the test results showed a PRU value of 240 or higher, we loaded 200 mg of cilostazol (Pletaal; Otsuka Pharmaceutical Co., Japan) followed by 50 mg twice a day in addition to the dual antiplatelets, regardless of stent use.

After obtaining informed consent for the coiling procedure, each patient was placed under general anesthesia. Systemic heparinization was achieved with a target activated clotting time (ACT) level between 200-250 seconds after placing a vascular access sheath, followed by a 5- or 6-Fr guiding catheter (Envoy; Codman Neurovascular or Chaperon; Microvention) placement. 1000 U/h of heparin was then given.

After placement of a microcatheter, embolization coils were inserted into the aneurysm sac. A variety of different coils, including Trufill Orbit coils (Codman, Raynham, MA), Axium coils (Covidien, Mansfield, MA), Hydrosoft coils (Microvention, Tustin, CA), and Target coils (Stryker, Fremont, CA) were used to fill the sac. Although coils were selected at the operator\'s discretion, various coils were used in combination in treating an aneurysm. A variety of different assisted methods (multiple-microcatheter technique, balloon-assisted technique, stent-assisted technique, and combined technique) were applied. The balloon-assisted technique was performed using Hyperform or Hyperglide balloons (Covidien). Two types of stents, a Neuroform stent (Stryker) and an Enterprise stent (Codman) were used based on anatomy or the individual operator\'s preference. After completion of the procedure, the patients were transferred to the neurosurgical intensive care unit (NSICU) without reversal of the systemic heparinization.

Modified procedure during the modification period
-------------------------------------------------

The detailed procedure was basically the same as was applied in the conventional group. The only difference was deliberate aspiration of the microcatheter lumen right after removal of each detached coil pusher, as some of us already were doing right after microcatheter navigation into the aneurysm sac, and after removal of the microguidewire to clear up the inner content of the microcatheter in the beginning of the procedure.

Since the air bubbles were noted mostly after removal of the coil pusher in our previous experiement \[[@B16]\], we decided to stop pressured saline flushing, right before removal of the coil pusher, until the inner content was aspirated out. To minimize the potential risk of microcatheter clogging we tried to shorten the discontinuation period as much as possible.

The following is the detail of the modified technique. After completion of detachment of each coil, the 3-way valve connected to the pressurized flushing system was closed, and then the coil pusher was removed. After disconnection of the rotating hemostatic valve from the microcatheter hub, inner content of the microcatheter was aspirated back gently with minimal application of negative pressure using a 2-mL syringe until a small amount of fresh blood was filling the inner space of the hub, since the potential space of the microcatheter lumen was only about 0.3 mL. The blood in the hub was cleared up with saline using a jobby before being connected to the hemostatic valve to be flushed by pressurized saline again. The aspiration procedure was deliberately and repeatedly applied to the finishing coil. Two experienced operators shared the same modified technique. Occurrence of any microcatheter obstruction was carefully monitored.

Post-procedural care and medication
-----------------------------------

In uneventful cases, patients were observed for one day in the NSICU and for another day in the general ward before their discharge. They were on dual (or triple) antiplatelets before discharge. For simple coiling cases which did not require any stent, the patients were given a four-week course of aspirin mono-therapy (100 mg daily). If a stent was implanted or if there was any coil loop herniation into the parent artery, we placed the patient on a two-month course of dual antiplatelets followed by aspirin monotherapy for four months or more. No patient was put on triple-antiplatelet regimen after discharge.

MR imaging and analysis
-----------------------

As the baseline for the follow-up MR angiography, we routinely obtained TOF-MRA and DWI on post-procedural day 1. Most of the images were obtained approximately 24 hours following the procedure.

DWI was obtained using a 3.0T Achieva MR imaging system (Philips Medical Systems, Best, the Netherlands). The single-shot, spin-echo, echo-planar imaging technique was used with a b value of 1000 s/mm^2^ and had the following imaging parameters: echo time, 56 ms; repetition time, 3000 ms; field of view, 250 mm × 250 mm; matrix size, 128 × 128; slice thickness, 5 mm with a gap of 2 mm; number of slices, 20; number of average, 1. Parallel imaging was not applied. The ADC map was generated automatically from the acquisition console.

DWI images were reviewed by a neuroradiologist (CGC), who had more than 10 years of clinical experience in stroke imaging, using a PACS system. This reader classified HSI dots which could not be explained as artifacts, normal cortical signal or white matter bundles as infarction. Although there were no size criteria for the HSI dots, we regarded a lesion larger than 10 mm in maximum diameter as an overt infarct lesion. All HSI dots, including overt infarct lesions, were counted by the reader.

To enhance the reliability of the reader\'s interpretation, another reader (DYK) was asked to perform a semi-automatic interpretation process with a semi-automatic method using the in-house software. \[See the [appendix](#APP1){ref-type="app"} to know the semi-automatic method in detail.\] Another neuroradiologist (DYK) with two years of stroke-imaging clinical experience classif ied whether the lesions detected by the in-house software were microembolic infarctions or not. Finally, the number of those lesions was automatically counted by the in-house software. If there was any discrepancy between the first reader\'s interpretation results and the software-detected results, consensus was reached between the two readers.

On clinical follow up, the occurrence of any neurological change was considered as symptomatic, whether or not the symptom or sign was transient.

The values are presented as the median and interquartile range (IQR). The Fisher\'s exact test and the Mann Whitney U-test were used for statistical analysis (SPSS ver. 11; Chicago, IL, USA). A two-sided P value \< 0.05 was considered signif icant. For analysis of the microembolic lesions on post-procedural DWI, we compared the DWI-positive (the presence of any DWI HSI dot) rates between the two time groups. We also compared the incidence of symptomatic microembolic lesions. The total number of DWI HSI dots was compared between the two time groups.

RESULTS
=======

There was no signif icant difference in the basic characteristics between the two groups ([Table 1](#T1){ref-type="table"}). There was no signif icant procedural episode, such as microcatheter clogging, intraprocedural platelet aggregation, distal thromboembolism, or intraprocedural aneurysm rupture in either group.

Variable numbers of DWI HSI lesions were noted in 89.2% (33/37) in the conventional group and 26.5% (9/34) in the modification group, a statistically significant difference (p \< 0.0001). Other parameters were also favorable in the modification group ([Table 2](#T2){ref-type="table"}).

DISCUSSION
==========

Even though we could not completely avoid microembolic phenomena during the embolization of unruptured intracranial aneurysms, we could reduce its incidence by modification of our microcatheter manipulation technique based on our prior observation \[[@B16]\].

In previous reports, the incidence of DWI abnormality varied after endovascular treatment of both ruptured and unruptured aneurysms ([Table 3](#T3){ref-type="table"}) \[[@B2][@B3][@B4][@B5][@B6][@B7][@B8][@B9][@B10][@B11][@B12]\]. Although those rates were obtained under variable conditions, our conventional group\'s result was the worst. However, we were able to reduce the rate to those of lower-rate groups after modification of the technique.

The exact pathomechanism of DWI HSI lesions (microembolism) is not well understood, and it is beyond the scope of our current study. Some of the earlier reports regarded the lesions as resulting from thromboembolisms \[[@B2][@B11][@B17]\]. However, thromboembolisms alone could not explain the mechanism, and there had been no witnessed intra- or post-procedural acute platelet aggregation or thromboembolic phenomenon in our patients, even in the conventional group. Brooks et al. reported that they experienced intraprocedural thrombosis requiring treatment in 10 (6.5%) of 155 cases \[[@B4]\]. Interestingly, they could not observe a DWI abnormality in six of their 10 overt thrombosis cases \[[@B4]\].

Furthermore, in the conventional group, microembolic lesions were continually seen, even with strict antiplatelet pretreatment in addition to systemic heparinization. We added cilostazol when biochemical resistance of clopidogrel was suggested by a VerifyNow assay. To our disappointment, this was not helpful in any way.

Among the various coils on the market, the amount of air bubble was the greatest from the Target Detachable Coil system (Stryker). We could not identify a mechanism for the significant air bubble generation from that particular coil at that time. The subsequent experiment performed by the company could unveil that it was the air trapped in the lumen of the coil pusher, which was made of a hypotube. Now, the coil does not generate that many air bubbles after modification of the hypotube purging method by creating a ventilation hole at the proximal end of the coil pusher \[not published\].

Then, the main cause of the microembolisms was the air bubbles. Since the purpose that we started to aspirate the microcatheter was exactly to prevent potential air embolisms, we had no choice but to conclude that it was due to air bubbles. However, we would like to reserve this conclusion until we can prove the direct cause-and-effect relationship between the two. Actually, we cannot exclude other possible sources, such as fragmented hydrophilic coating materials, which were liberated during the procedure due to friction between the devices. There have been several reports on this issue since the first introduction of hydrophilic coating technology for neurointervention \[[@B18][@B19][@B20][@B21]\]. Further research is needed to prove the exact pathomechanism of the microembolism, since the problem is not solely limited to aneurysm coiling procedures. The reported incidence of microembolisms is even greater after flow diversion procedures. What is important to us as of now is that, regardless of the nature of the embolic material, we could prevent its introduction into the cerebral circulation by simple modification of our embolization technique.

As we mentioned in the introduction, there is a theoretical concern regarding the safety of repeated microcatheter aspiration. Many of us rely heavily on the importance of continuous flushing of the microcatheter from the beginning of the procedure to prevent any obstruction or thromboembolic phenomena from the microcatheter. In that situation, one may have a significant concern about the safety of intentional discontinuation of saline flushing, and even aspiration of the microcatheter lumen. On the other hand, since interventionists in our group were already accustomed to the aspiration procedure, which we always did in the microcatheter manipulation during placement of the tip into the aneurysm sac, we did not experience any difficulty in the application of the technique for the detachable coil insertion. There was no case of intentional microcatheter removal due to failure of aspiration or clogging of the microcatheter. The only caveat for this technical modification was the need of repeated \'disconnection-aspiration-reconnection\' steps, which could be bothersome or look tedious.

Regarding the interpretation of DWI HSI dots, previous reports simply analyzed the presence of DWI-positivity, and one or two interpreters counted the number of DWI HSI dots with or without a systematic consensus process \[[@B1][@B2][@B3][@B4][@B5][@B6][@B7][@B8][@B9][@B10][@B11][@B12]\]. In some reports, the diameter of the lesions or the volume of the DWI lesion load was measured. However, we found that sometimes lesion detection is not easy, and for this reason we used the \'semi-automatic method\' in order to reduce potential human bias. First of all, the software was able to detect HSI lesions sensitively and reproducibly with a constant threshold. With this, we thought that the reliability or interobserver agreement in lesion detection would be increased by minimization of human interpretation error. In addition, the possibility to miss the true lesion is likely to be lowered due to decreased human perception error.

There are several limitations to this study. In the study design, we simply divided the two time periods as part of our clinical practice and not as an experimental, study-based cohort design. Therefore, we were not free from a potential limitation of retrospective analysis with a rather small number of patients. We were also not able to completely deny any unnoticed change in our procedural pattern between the two time periods.

We believe that every endovascular procedure harbors the same problem of microembolic phenomena, and the risk could be higher in the future as the procedures and devices become more complex. We should pay more attention to get rid of this potentially hazardous phenomenon, from the development of new devices to the application to our patients.

In conclusion, we could reduce the incidence of postprocedural microembolisms on DWI after coil embolization of unruptured cerebral aneurysms by modification of the procedure, which involves the deliberate aspiration of the inner content of the microcatheter after removal of each coil pusher.
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The in-house software was based on the AFNI, a free software, consisting of a set of C programs for mapping human brain activity and developed by the Medical College of Wisconsin and the National Institutes of Health (AFNI, MCW and NIH, <http://afni.nimh.nih.gov>) and ImageJ, a public domain, Java-based, image processing program developed at the National Institutes of Health (NIH, Bethesda, MD, USA; <http://rsbweb.nih.gov/ij/>). At first, DWI was registered to a skull-stripped brain atlas (TT_27, a Talairached version of the Colin_N27 dataset). After registration, we performed several processing steps in order to remove non-specific HSI changes, such as artifacts, normal cortical signal or white-matter bundles. The in-house software with high sensitivity detected any DWI HSI lesions, which included these specific conditions: 1) size less than 10 mm in maximum diameter; 2) signal intensity above the certain threshold; and 3) circularity between 0.9\~1.0. Finally, the in-house software displayed the detection results of the DWI HSI dots to a second reader.

###### Basic Demographic Data, Angiographic, and Procedural Data of the Patients in the Two Period Groups
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                                                      Total (n=71)    Conventional Period (n=37)   Modified Period (n=34)   p value
  --------------------------------------------------- --------------- ---------------------------- ------------------------ ---------
  Sex: Female (%)                                     60 (84.5)       31 (83.8)                    29 (85.3)                1.000
  Age: median (IQR)                                   57 (52-57)      56 (52-56)                   60 (52-60)               0.408
  Location: Posterior circulation (%)                 14 (19.7)       5 (13.5)                     9 (26.5)                 0.170
  Diabetes (%)                                        6 (8.5)         3 (8.1)                      3 (8.8)                  0.914
  Hypertension (%)                                    39 (54.9)       22 (59.5)                    17 (54.9)                0.424
  PRU: median (IQR)                                   263 (209-263)   272 (210-272)                256 (199-256)            0.391
  Percent inhibition: median (IQR)                    25 (17-25)      25 (15-25)                   25 (17-25)               0.898
  Max. diameter of the index aneurysm: median (IQR)   4.7 (3.7-5.2)   4.7 (3.8-4.7)                5.2 (3.7-5.2)            0.917
  Multiple aneurysm embolization                      9 (12.7)        5 (13.5)                     4 (11.8)                 1.000
  Double microcatheter technique (%)                  13 (18.3)       10 (27.0)                    3 (8.8)                  0.066
  Stent-assisted technique (%)                        28 (39.4)       18 (48.6)                    10 (29.4)                0.098
  Balloon-assisted technique                          0               0                            0                        \-
  Procedural duration in minutes: median (IQR)        63 (43-63)      73 (49-73)                   51 (35-51)               0.725

Note: IQR = inter-quartile range

###### Incidence of the DWI High-signal Intensities between the Two Period Groups
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                                               Total (n=71)   Conventional Period (n=37)   Modified Period (n=34)   p value
  -------------------------------------------- -------------- ---------------------------- ------------------------ ----------
  Number of patients with DWI positivity (%)   42 (59.2)      33 (89.2)                    9 (26.5)                 \<0.0001
  Number of DWI HSI dots: median (IQR)         4 (0-4)        33 (8-52)                    0 (0-0)^\*^              \<0.0001
  Number of symptomatic patients (%)           12 (16.9)      11 (29.7)                    1 (2.9)                  0.003

Note: HSI = high-signal intensity, IQR = inter-quartile range, ^\*^Since the number of HSI in this period was too small, median and IQR were all 0.

###### Incidence of DWI Abnormality after Endovascular Treatment of Both Ruptured and Unruptured Aneurysms in the Literature
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  Authors                             Year   Aneurysm status           Patient number   DWI (+) rate (%)   Symptomatic rate (%)   Note
  ----------------------------------- ------ ------------------------- ---------------- ------------------ ---------------------- ---------------------------------------------------
  Biondi et al.[@B3]                  2000   Ruptured and unruptured   20               10                 0                      
  Rordorf et al.[@B9]                 2001   Unruptured                14               57                 7.1                    
  Soeda et al.[@B11]                  2003   Unruptured                66               61                 40                     Balloon-assisted in 49%
  Albayram et al.[@B2]                2004   Ruptured and unruptured   20               20                 10                     Balloon-assisted technique only
  Grunwald et al.[@B6]                2006   Unruptured                50               42                 2                      
  Brooks et al.[@B4]                  2008   Ruptured and unruptured   132              24                 7.5                    Only including treated vascular territory lesions
  Chung et al.[@B5]                   2008   Ruptured and unruptured   163              60.1               6                      
  Spiotta et al.[@B12]                2011   Unruptured                147              21.5               3.8                    Balloon-assisted in 81 patients
  Sim et al.[@B10]                    2012   Ruptured and unruptured   39               43.6               10.3                   
  Hahnemann et al.[@B7]               2013   Unruptured                75               64                 6.7                    Stent-assisted coiling cases only
  Kang et al.[@B8]                    2013   Unruptured                343              54.5               4.1                    Data from two medical institutions
  Current study conventional period          Unruptured                37               89.2               29.7                   
  Current study modified period              Unruptured                34               26.5               2.9                    
